ABSTRACT
T
he distance from the nasal mucosa and periphery to the brain, traversed by the olfactory nerve, is very small, and infection of the nasal mucosa is not uncommon (1) , particularly in animals that use their sense of olfaction to constantly sample the external environment. A large number of viruses are capable of entering the brain through the olfactory mucosa. These viruses include rabies, Sindbis, pseudorabies, Borna, influenza, polio, herpes, and others (2) (3) (4) (5) (6) (7) (8) (9) . The brain is particularly susceptible to cytolytic agents, as the relative lack of neuronal replacement in most regions of the central nervous system (CNS) exacerbates the longterm ramifications of cytopathic viral infection. In some cases, viruses that presumably enter the brain through the olfactory system can lead to serious neurological disease, or death, both in laboratory rodents and in humans (5, 10) .
Despite the presumptive high potential for viral infection leading to psychiatric or neurological consequences in the brain, these outcomes remain relatively uncommon, raising the question as to what protective mechanisms prevent virus spread to uninfected regions of the brain and the resultant neuron destruction. The fact that virus replication is limited within the olfactory bulb (OB) after intranasal infection has been well established, yet the viral and/or host factors that account for this restriction are poorly defined. One key factor that may limit virus spread in the brain is the antiviral response elicited by cytokines, including alpha/beta interferon (IFN-␣/␤), known as the type I IFNs. Cytokines induced by virus infection may act locally to attenuate cell-to-cell virus transmission, and they also potentiate the adaptive immune system, which ultimately eliminates pathogens.
We therefore characterized the IFN response in infected and uninfected regions of the mouse brain following intranasal infection with RNA (vesicular stomatitis virus [VSV] ) and DNA (cytomegalovirus [CMV] ) viruses. VSV is a rhabdovirus transmitted by insects to livestock, resulting in symptoms similar to those of footand-mouth disease, which generally resolve. VSV infection in humans is common in certain areas of Central America, with little adverse health consequence (11) . Recombinant VSV vectors are currently being tested and used in humans as replication-competent immunogenic vaccines to evoke immunity against other pathogenic viruses such as human immunodeficiency virus (HIV) (clinical trial NCT01438606) and hepatitis B virus (HBV) (12) . In addition, VSV is also being studied for its potential oncolytic application (clinical trial NCT01628640). CMV is a betaherpesvirus and is the most common infectious agent causing neurological dysfunction in the developing human brain (13) (14) (15) (16) . Developing neurons are more sensitive to the cytolytic actions of CMV, in part due to the lack of maturity of the innate and systemic immune response to CMV (17, 18) . CMV is also a contributing factor in AIDS-related dementia (19) .
The role of IFN-␣/␤ in preventing virus spread throughout the brain following intranasal infection has been controversial. One recent study found that VSV did not generate an IFN-␣/␤ response in the brain (20) . In contrast, a second study suggested that localized IFN-␣/␤ signaling within the glomerular layer of the olfactory bulb is critical for preventing spread of intranasally delivered VSV (21) . More recently, a critical role was found for the IFN-stimulated gene (ISG) IFIT2 in preventing VSV spread in the brain but not in peripheral organs (22) . In this study, we found that whereas virus infection was limited to the olfactory bulb after intranasal instillation, ISG induction could be detected at both the mRNA and protein levels throughout the uninfected brain in normal mice early after infection. In contrast, mice lacking the IFN-␣/␤ receptor showed little ISG activation in the brain, and intranasal inoculation evoked infection throughout the brain and a fatal outcome. These results are consistent with a mechanism whereby IFN-␣/␤ produced in the infected olfactory bulb induces a distant antiviral signaling that prevents virus spread to other regions of the brain.
MATERIALS AND METHODS

Viruses and reagents.
A recombinant VSV that carries a green fluorescent protein (GFP) reporter gene coupled to a second glycoprotein (G) gene in the 5th genome position was used (23, 24) . A mouse CMV expressing GFP used in this study was described in detail elsewhere (18, 25, 26) . For experiments involving IFN administration, cells were treated with a universal IFN-␣(〈/D) (PBL Interferon Source), which activates both the mouse and human IFN-␣/␤ receptors.
Animal experiments. VSV was applied to the external nares of SwissWebster adult mice (25 l each side; 10 8 PFU/ml) during transient anesthesia. In other experiments, IFN-␣ was injected stereotactically by microsyringe directly into the lateral ventricle; control mice received sterile saline at the same site. To test the role of IFN-␣/␤ signaling in virus spread, we used knockout (KO) mice lacking the IFN-␣/␤ receptor (27) , a gift of A. Iwasaki (Yale University). To destroy the olfactory receptor neurons, the selective toxin methimazole (50 mg/kg of body weight) was given intraperitoneally to 129Bl/SJ adult male mice (Jackson Laboratory), as described elsewhere (28, 29) . Five days after olfactory neurons were eliminated, VSV was administered intranasally. Control 129Bl/SJ mice received saline instead of methimazole. Of the mice that received intranasal VSV, some were given an overdose of anesthetic and perfused transcardially with saline followed by 4% paraformaldehyde. Brains were sectioned on a cryostat and examined for GFP expression using an Olympus IX70 inverted fluorescence microscope fitted with a Spot digital camera. Contrast and gray scale were corrected with Adobe Photoshop CS5. All experiments using mice were approved by the Yale University Animal Care and Use Committee.
RT-qPCR. One microgram of total RNA prepared from cells or snapfrozen mouse brain tissue was reverse transcribed by random hexamer priming using the TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA). Quantitative PCR (qPCR) was performed using an Applied Biosystems 7500 real-time PCR system as previously described (18) . Gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression and quantified by the threshold cycle (⌬⌬CT) method using the 7500 system sequence detection software (Applied Biosystems). The primer sequences used for PCR were as follows: GAPDH, 5=-TCT GGA AAG CTG TGC CGT G-3= (sense) and 5=-CCA GTG AGC TTC CCG TTC AG-3= (antisense); alpha interferon 2 (IFN-␣2), 5=-TAC TCA GCA GAC CTT GAA CCT-3= (sense) and 5=-CAG TCT TGG CAG CAA GTT GAC-3= (antisense); IFN-␣4, 5=-TGA TGA GCT ACT ACT GGT CAG C-3= (sense) and 5=-GAT CTC TTA GCA CAA GGA TGG C-3= (antisense); IFN-␣5, 5=-CCT GTG TGA TGC AAC AGG TC-3= (sense) and 5=-TCA CTC CTC CTT GCT CAA TC-3= (antisense); IFN-␤, 5=-CAG CTC CAA GAA AGG ACG AAC-3= (sense) and 5=-GGC AGT GTA ACT CTT CTG CAT-3= (antisense); IFN-2/3, 5=-AGC TGC AGG CCT TCA AAA AG-3= (sense) and 5=-TGG GAG TGA ATG TGG CTC AG-3= (antisense); 2=-5= oligoadenylate synthetase 1A (OAS), 5=-GAT GTC AAA TCA GCC GTC AA-3= (sense) and 5=-AGT GTG GTG CCT TTG CCT GA-3= (antisense); IFN-induced protein with tetratricopeptide repeats 3 (IFIT3), 5=-GGG AAA CTA CGC CTG GAT CTA CT-3= (sense) and 5=-CAT GCT GTA AGG ATT CGC AAAC-3= (antisense); IFIT2, 5=-AGT ACA ACG AGT AAG GAG TCA CT-3= (sense) and 5=-AGG CCA GTA TGT TGC ACA TGG-3= (antisense); GFP, 5=-GAG CGC ACC ATC TTC TTC AAG-3= (sense) and 5=-TGT CGC CCT CGA ACT TCA C-3= (antisense); and VSV-N, 5=-GAT AGT ACC GGA GGA TTG ACG ACT A-3= (sense) and 5=-TCA AAC CAT CCG AGC CAT TC-3= (antisense).
Brain cultures. Mouse brain cultures were generated from embryonic day 18 mice. Brains were removed and incubated in papain to disaggregate cells. Cells were then plated on poly-L-lysine-coated plastic 35-mm dishes. Cultures were maintained at 37°C in a 5% CO 2 
RESULTS
Intranasal virus infection activates ISG expression in the brain
distant from the site of virus replication. Following intranasal virus inoculation, we used a sensitive RT-qPCR-based assay to measure VSV-encoded GFP RNA, IFN production, and ISG expression in four regions of the brain, including the olfactory bulb (OB), and respective rostral to caudal coronal slices of the whole mouse brain containing the frontal cortex (FC), hypothalamus and thalamus (HT), and cerebellum and medulla (CB). VSV-encoded RNA was exclusively limited to the OB 1 day after intranasal infection ( Fig. 1A) . In contrast to the case with the OB, no VSV RNA was detected in the hypothalamic and cerebellar regions of the brain of any mouse. Similarly, VSV RNA was also typically absent from the FC, with the exception of a single mouse that showed a barely detectable level of VSV RNA that was 1,000-fold lower than that found in the OB. In addition, IFN production corresponded to the site of virus infection (Fig. 1B) . High mRNA levels of IFNs were detected in the OB but not in the CB. Among the multiple type I and type III IFNs we tested, IFN-␤ and IFNwere the predominant IFNs activated in response to intranasal VSV infection. Interestingly, the multiple isoforms of IFN-␣ that we examined were not significantly produced in the OB. Importantly, in contrast to IFN mRNA, which was limited to the OB, we found an induction of IFN-dependent antiviral response in all regions of the brain, as measured by the expression of the canonical ISGs such as the moderately inducible IFIT3 and the strongly inducible OAS ( Fig. 1C and E) . ISG expression in the HT and CB was particularly striking given the complete absence of detectable VSV RNA in these brain regions. Another important ISG, IFIT2, critical in mediating protection against VSV and West Nile virus infections in the CNS (22, 30) , was also significantly induced in all parts of the brain (data not shown). Collectively, these data sug-gest that considerable amounts of ISGs are activated even in the absence of virus and IFN in the caudal region of the brain.
Cytomegalovirus elicits long-range IFN signaling in the brain. Although the majority of experiments in this study were performed using VSV, we also tested whether other neurotropic viruses might induce similar protective ISG activation in the brain. Mice were intranasally inoculated with mouse CMV (25 l/naris of 10 8 PFU/ml), and ISG expression was measured afterwards in a similar manner. In parallel to VSV, CMV stimulated an upregulation of ISGs 1 day postinfection (dpi) in all brain regions (Fig. 1D ) despite the absence of detectable virus in the brain at this time point, as measured by histological analysis of GFP reporter gene expression (data not shown), implying that long-distance IFN signaling is universal to both RNA and DNA virus infections in the brain.
Intravenous virus infection also induces long-distance IFN signaling in the CNS. To further explore whether the long-range IFN protection is specific to intranasal infection, we also tested other routes of infection, including intravenous VSV administration. Consistent with our hypothesis, by systemic infection we found viral RNA in the peripheral tissues such as lung and liver, and also in the olfactory mucosa (OM) and OB, but not in the CB (Fig. 2A) . Importantly, ISGs, represented by OAS and IFIT2 expression, were induced in all tissues, including the CB (Fig. 2B) . Collectively, these data are consistent with the protective role of long-range IFN signaling within the brain that prevents the spread of viruses arising in the olfactory system.
Histological verification of lack of VSV spread. After VSV inoculation of the external nares, we also examined the brain histologically for the presence of VSV by tracking expression of the viral GFP reporter. By 2 days postinoculation, VSV had entered the olfactory bulb via the olfactory nerve and was found in the periglomerular cells of the olfactory bulb, cells which the olfactory nerve terminals contact (Fig. 3A to C) ; GFP was also found in dendrites in the external plexiform layer (EPL). The fluorescence was associated with the plasma membrane, typical of the expression of the GFP reporter when fused to the VSV G protein. Strong virus labeling was found in cells of the granule cell layer and their dendrites that reached into the EPL. Immunocytochemical verification of neuronal labeling was done with antisera against the neuronal antigen NeuN. Granule cells infected with VSV ( Fig. 3D to G) showed NeuN in the cell nucleus (Fig. 3F) . Interestingly, little or no infection of mitral cells was found, based on the lack of cell body infection in the mitral cell layer and the lack of GFP reporter in mitral dendrites that extend through the EPL into the periglomerular layer. No virus was found histologically in frontal cortex or other brain regions (Fig. 3H) . By 4 days postinoculation, infected granule cells in the center of the bulb were detected. Little or no virus was found caudal to the olfactory bulb at any time between inoculation and day 4 postinfection. Control mice not infected with VSV showed no fluorescence.
In addition to RT-qPCR analysis and fluorescence imaging, we also performed plaque assays using different regions of the brain tissues harvested from mice receiving intranasal VSV infection. As expected, tissues from HT and CB harvested at 6 h postinfection (hpi) did not generate plaques after 48 h postincubation (data not shown). In contrast, tissues harvested from OB after intranasal VSV inoculation showed strong significant infectivity of resident cultured cells within 6 h. These data support the view that VSV enters the olfactory system relatively fast but does not spread to the more caudal parts of the CNS.
To corroborate that the increased RNA levels of ISG translated to protein expression, we performed Western blot analysis of the different brain regions to examine the relative expression of IFIT3. IFIT3 protein showed the strongest upregulation in the olfactory bulb; in addition, the other three more caudal brain regions showed increased expression of IFIT3 compared with noninfected control mice, confirming the ISG induction in all parts of the brain (Fig. 3I) .
Time course of ISG upregulation. We next examined the temporal dynamics of VSV and ISG RNA expression in the different brain regions over a 4-day time course. VSV RNA was found only in the OB over a 4-day period and peaked at 2 dpi (Fig. 4A) . ISG expression showed a strong increase in the OB over the 4-day time course. Importantly, despite the lack of VSV detection in other brain regions, we again found an increase in IFIT3 and OAS expression in all brain regions examined, including the FC, HT, and CB. At both 1 and 2 days postinfection, noninfected regions of the brain showed an increase of 30-to Ͼ120-fold over uninfected controls. This decreased by 3 days postinfection and returned to near saline control levels by 4 days postinfection (Fig. 4B) . Therefore, intranasal VSV infection induces a substantial ISG response throughout the brain, even though the viral RNA is limited to the olfactory bulb.
VSV spreads throughout the brain in the absence of an IFN-␣/␤ response. If induction of an IFN response throughout the brain is an important mechanism that prevents virus spread, we hypothesized that in the absence of this response, VSV would more efficiently spread caudally to the hypothalamus and cerebellum. To test this hypothesis, we infected wild-type 129 control or IFN-␣/␤ receptor (IFNAR) knockout mice intranasally with VSV and measured VSV and ISG RNA throughout the brain. By 3 dpi, VSV RNA levels were 650-and 970-fold higher in the IFN-␣/␤ receptor KO mice than in normal animals in the HT and CB, respectively (Fig. 5A) . Unlike wild-type mice which survived infection without any adverse symptoms, intranasal administration of VSV to the IFN-␣/␤ receptor KO mice led to CNS dysfunction characterized by reduced mobility, reduction of food intake and grooming, and, in some cases, hind limb paralysis; the outcome was lethal by 4 days postinfection (n ϭ 4). Whereas robust ISG (OAS and IFIT3) activation was detected throughout the brain in normal mice, OAS and IFIT3 inductions were both minimal in the IFN-␣/␤ receptor-deficient animals (Fig. 5B) . Combined with the predominant induction of IFN-␤ and IFN-over IFN-␣ in the normal brain in response to VSV infection (Fig. 1B) , these data support the view that a functional IFN-␤ response plays a critical role in limiting virus spread within the brain.
The magnitude of ISG expression in the brain is sufficient to inhibit VSV replication. The peak magnitude of ISG expression observed in HT and CB approached 100-fold by 1 to 2 days postinoculation ( Fig. 1 and 4) . As this was lower than the magnitude of induction observed in the OB, we next determined whether this 
100-fold-increased level of ISG induction was sufficient to inhibit virus replication in brain cells. Cultured mouse brain cells were isolated and treated with different concentrations of IFN-␣ for 18
h, after which ISG mRNA expression was measured. As expected, IFIT3 and OAS expression was induced in a dose-dependent manner (Fig. 6A) . To further examine the ability of different amounts of IFN-␣ to protect brain cells from virus infection, we cultured mouse or human brain cells and infected them with VSV expressing GFP in the presence of different concentrations of IFN-␣. After VSV inoculation, we compared infectivity in brain cultures with no IFN-␣ and in cultures with 1, 10, or 100 U/ml of IFN-␣ added 18 h before infection. In the absence of IFN-␣, 93% and 84% of mouse and human brain cell cultures were efficiently infected with VSV at 18 h postinfection, respectively. Importantly, even at the lowest concentration, 1 U/ml of IFN-␣ reduced the percentage of infection to 30% and 50% of mouse and human cells, respectively, and an increased amount of 10 U/ml IFN-␣ almost completely obliterated virus infection in both mouse and human brain cell cultures (Fig. 6B and C) . No infection was found with 100 U/ml of IFN-␣ in either mouse or human brain cells.
These data suggest that minimal levels of IFN-␣ induction and ISG expression can significantly impact the outcome of VSV infection in the brain by generating a potent antiviral state.
Destruction of the olfactory epithelium blocks ISG induction. To test the hypothesis that the olfactory receptor neurons are critical for the induction of an ISG response to virus infection, we used methimazole to eliminate the olfactory neurons, as described previously (28, 29) . Prior to the primary experiment, we performed pilot experiments by testing different methimazole concentrations and exposures; the parameters described here resulted in the absence of detectable VSV in the olfactory bulb after intranasal inoculation, suggesting good ablation of olfactory receptor neurons. Mice were administered methimazole (50 mg/kg of body weight intraperitoneally) plus intranasal VSV, intraperitoneal methimazole plus intranasal saline, intraperitoneal saline plus intranasal VSV, or intraperitoneal saline plus intranasal saline. Intranasal VSV (25 l/naris of 10 8 PFU/ml) was administered 5 days after methimazole treatment. In all regions of the brain studied at 1 day postinoculation, VSV-infected mice lacking the olfactory receptor neurons showed a marked reduction in the ISG response to the virus infection of the nasal cavity (Fig. 7) . In control mice, methimazole alone in the absence of VSV infection had little effect on ISG stimulation. This supports the view that the olfactory neuron is critical for the ISG response, probably as a conduit for the virus to enter the olfactory bulb and initiate the CNS infection, as VSV RNA was also substantially reduced in the olfactory bulb in methimazole-treated animals (data not shown). This result also corroborates the view that signaling is not dependent on a vascular or alternate pathway outside the CNS to increase ISG expression within the brain.
IFN in the lateral ventricle stimulates ISG expression throughout the brain. To provide mechanistic insights into how the distant type I IFN signaling is transmitted, we tested whether IFN-␣/␤ can spread to the back of the brain through the ventricular system. Consistent with this hypothesis, we found that when directly injected into the lateral ventricle, IFN-␣ (2 l containing 200 U of IFN-␣) potently stimulated ISG expression throughout the brain (Fig. 8A) .
Importantly, when cerebrospinal fluid (CSF) collected from mice intranasally infected with VSV was used to stimulate cells in culture, we found an induction of MX1 expression comparable to that activated by the universal type I IFN, which served as the positive control (Fig. 8B) . In contrast, this IFN-like activity was not observed in CSF extracted from the mice in the control group. These data are in line with our hypothesis that the possibility of IFN transmission via CSF to the posterior brain regions at least partially accounts for one of the mechanisms that mediate longdistance brain protection. In addition, we did not detect infectious viral particles in the CSF 1 dpi as determined by plaque assay. These data collectively demonstrate that neurotropic viruses infecting the olfactory mucosa and olfactory bulb via different routes potently activate type I IFNs, in particular IFN-␤, which induces ISG expression and protects the brain from infection.
DISCUSSION
A broad spectrum of viruses can traverse the short distance from the olfactory mucosa to the rostral regions of the CNS and continue with a productive infection that results in serious neurological or psychiatric dysfunction. We show here that the presence of virus in the olfactory bulb leads to long-distance type I IFN (primarily IFN-␤) signaling in distant regions of the brain, resulting in an enhanced antiviral immunity which protects against virus spread to the central parts of the brain. In the absence of the IFN-␣/␤ receptor, cells in the brain show an increased vulnerability to virus infection due to a lack of ISG induction, leading to neurological dysfunction and mortality. Not only can the olfac- 6 PFU of VSV-GFP (n ϭ 3 per group; total n ϭ 12). Mice treated with the olfactory receptor neuron toxin methimazole (ϩ) and untreated mice (Ϫ) are compared. Values represent fold changes relative to control uninfected, untreated mice. All RNA levels are normalized to GAPDH, and error bars represent standard errors of the means. P values show results of Student's t test for OAS comparing VSV alone to VSV plus methimazole.
tory system be infected from environmental incursions on the nasal mucosa but also a number of blood-borne neurotropic viruses invade the brain by transfer of the virus from the vascular system to the olfactory mucosa, with subsequent spread into the brain along the olfactory nerve (31, 32) . Thus, the long-distance IFN signaling that we describe within the brain may protect the brain from infections arising from multiple origins, including blood-borne infections and those from the external environment. Consistent with this idea, intravenous infection of VSV also resulted in virus efficiently infecting the olfactory mucosa and olfactory bulb, and the long-distance IFN signaling successfully protected the caudal region of the brain from infection (Fig. 2) .
The strong upregulation of ISGs we observed raises the question of the cellular source of IFN production. We and others have previously shown that glia, microglia, and neurons can participate in IFN signaling (18, 33, 34) , indicating that IFN can be produced locally within the brain. Another possibility is that cells outside the brain may produce IFN-␣/␤ after nasal infection and then signal the brain to upregulate ISGs; however, that seems unlikely as an explanation for the present results, as intraperitoneal inoculation with VSV evoked no upregulation of ISGs in the CNS (data not shown). Furthermore, intranasal inoculation in mice in which infection of the olfactory bulb had been blocked by chemically eliminating the olfactory receptor neurons induced no ISG expression in response to nasal virus. These data strongly suggest that the signaling after intranasal inoculation was not due to peripheral mechanisms but rather due to direct signaling of cells within the CNS. Within the brain, VSV has been reported to selectively infect neurons over glia (22) , suggesting that IFN release may be neuronal in origin; our data using combined VSV-reporter together with immunostaining against the neuronal antigen NeuN corroborate this perspective. Many types of neurons have been reported to respond to and release IFN (33, 34) . Interestingly, we detected strong induction of IFN-␤ as well as IFN-, but not multiple IFN-␣ isoforms, in response to VSV infection. These data, combined with those from the IFN-␣/␤ receptor knockout mouse experiment, suggest that distant IFN signaling is most likely mediated by IFN-␤.
Another critical question is how the long-distance signaling is transmitted to the back of the brain. One potential route through which IFN-␣/␤ may spread to the back of the brain is the ventricular system. Consistent with this mechanism, IFN activity but no virus was detected in the cerebrospinal fluid, at least partially accounting for the protection. We did not exclude other possibilities, for instance, the trafficking of exosome-containing antiviral molecules which can potentially mediate antiviral activity without the local induction of IFNs (35) .
As shown in the classic work of Sabin and Olitsky (36), VSV entering the adult mouse brain by nasal mucosa inoculation is blocked and does not yield symptoms, whereas the same virus injected directly into the brain is fatal. However, there is controversy over the role of IFN in protection of the brain against VSV. Our data support the view that IFN responses are critical for preventing virus spread throughout the brain. Local IFN-␣/␤ receptor signaling within the glomerular layer of the olfactory bulb has been shown to be critical for preventing the spread of intranasally delivered VSV to the rest of the brain (21, 37) . However, in previous studies, IFN-␣/␤-mediated tyrosine-phosphorylated STAT-1 was found exclusively in the olfactory bulb but not in other brain regions, implying a local but not widespread IFN response (21) . On the basis of a more sensitive RT-qPCR-based assay for elevated ISG expression, our results suggest a previously unappreciated long-distance global IFN response that serves to protect the uninfected brain caudal to the olfactory bulb. ISG upregulation has been found in uninfected cells near VSV-infected cells in the olfactory bulb (22) . The notion that IFN signaling operates within the brain and is not part of a systemic immune response is supported by our experiments showing the absence of a CNS effect with intraperitoneal VSV inoculation. In contrast to these findings, however, another study demonstrated that wild-type VSV delivered intranasally to BALB/c mice did not trigger an IFN-␣/␤ response in the brain (20) . Nevertheless, the same study found that a VSV mutant (matrix protein M51R, which is less capable of suppressing IFN-␣/␤ induction) hyperactivates the IFN-␣/␤ response in the brain, and this activation is associated with reduced virus spread and pathogenesis. Therefore, notwithstanding virus dose and virus and mouse strain differences among the studies, these results are also broadly consistent with the view that IFN-␣/␤ production and signaling within the brain can prevent virus spread in the CNS.
In addition to the IFN-␣/␤ response, IFN-␥ released primarily by NK and T cells may also protect tissue from infection by activating the IFN-␥ receptor; however, IFN-␥ has been suggested to show minimal efficacy against VSV in the brain (38) . Outside the brain, the type III IFN-response is important for protection of various cell types against virus infection, including cells of the lungs, gut, and liver, where the IFN-receptor is highly expressed (39, 40) . In contrast, mouse brain cells express low levels of the IFN-receptor and do not respond to type III IFN signaling (41) . Human brain cells express relatively low levels of IFNLR1 mRNA and, compared to IFN-␣, respond only weakly to IFN-(42). Although we observed robust induction of IFN-in the OB of infected mice (Fig. 1B) , the fact that IFN-␣/␤ receptor knockout mice display robust virus replication in the brain and rapidly succumb to intranasal VSV infection argues that the roles of IFN-␥ and IFN-in blocking virus spread in the brain are likely minor compared to that of IFN-␣/␤.
Although most of our experiments were based on the negativestrand RNA virus VSV, we also tested CMV, a DNA virus in the betaherpesvirus family. CMV in the olfactory mucosa also evoked an increase in ISG expression in caudal brain regions, even in the absence of any detectable CMV in those brain sites. Furthermore, the slow replication of CMV (43) would further make it improbable that this virus had spread into the caudal brain a day after inoculation. Together, these data based on two very different viruses, one a negative-strand RNA virus and the other a doublestrand DNA virus, suggest that our findings may generalize to other different potentially neurotropic opportunistic viruses that can infect the nasal mucosa and then the brain.
The level of neuronal replacement in the olfactory system is much greater than in other regions of the brain or body. Olfactory receptor neurons can be replaced in as little as 6 weeks (44, 45) , and the periglomerular cells within the olfactory bulb are also constantly undergoing replacement from the rostral migratory stream originating from the subventricular zone in the brain (46) . Although a number of viable theories have suggested that the ongoing olfactory neuron replacement underlies some functional attribute of olfaction, an alternate but not mutually exclusive view is that this replacement relates to the ongoing attacks on olfactory neurons by viral or other pathogens.
Although VSV has been suggested to potentially show axonal transport, no axonal transport was found within the brain for the VSV G protein and GFP used in the present study (24) . Similarly, no axonal transport was found for the murine CMV used in this study. Furthermore, neither infected cells expressing the virus GFP reporter protein nor viral RNA was detected outside the olfactory bulb. This was despite the fact that the limit of detection of the RT-qPCR assay used was very sensitive (10 5 -fold less than the viral RNA levels detected in the olfactory bulb). Thus, an explanation for our observation of distant IFN signaling based on axonal transport of the virus, followed by IFN-␣/␤ activation, seems unlikely.
Many viruses, including CMV, lymphocytic choriomeningitis virus, and rubella virus, are particularly problematic in the developing brain (1) . CMV, for instance, is the most common viral pathogen causing neurological dysfunction in the developing human brain (13) (14) (15) (16) . Although the majority of adults have been infected by CMV, there are relatively few associated CNS problems despite the lifelong presence of the active or latent virus. Both intranasal VSV and CMV can be lethal in early development, but they evoke only mild symptoms in adult mice (17, 36, 47) . Relevant to our findings here, one mechanism that may contribute to the developmental susceptibility of the brain to viral infections is the attenuated nature of the intrinsic immune response to infection. Interestingly, immature brain cells respond to IFN-␣/␤, but upregulation of IFN-␣/␤ itself appears to be blunted in developing brain cells (18) . Therefore, the long-distance IFN-mediated signaling may be a critical mediator that prevents infection of adult, but not young, brains.
